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Although the activation and functionalization of Csp2-H has since found widespread application, 2 the functionalization of inactivated Csp3-H carbons remains challenging. 3 While the most active C-H bond functionalization catalytic systems rely on expensive noble metals, alternative base metal catalysts have recently been developed. 4 Taking a step further, main group elements have recently attracted interest as a potential alternative to transitionmetal based catalysts. 5 Since the seminal discovery that FLPs could heterolytically cleave molecular hydrogen, 6 these maingroup ambiphiles have exhibited the ability to cleave a diverse range of bonds such as O-H, 7 N-H, 8 Si-H 9 or B-H 10 and bind to a variety of small molecules. 11 Building on the seminal work of Stephan on the stoichiometric cleavage of a terminal Csp-H bond by a mixture of P(tBu)3 and B(C6F5)3 ( Figure 1A ), 12 and other stoichiometric C-H activations, 13 we recently reported that ansaaminoboranes could catalyze the borylation of heteroarenes through Csp2-H activation ( Figure 1B ).
14 This Csp2-H activation process was later shown by Repo and coworkers to be typical of ansa-aminoboranes 15 and extendable to other FLP systems. 16 Despite these advances, cleavage of one of the most kinetically inert bonds, a Csp3-H bond, by an FLP system has remained elusive and only few metal free systems have been reported to do so. 17 Herein, we report on the ability of ansa-aminoboranes, to cleave a Csp3-H bond through a typical metal-free ambiphilic activation mechanism ultimately leading to unusual boron containing heterocycles ( Figure 1C ). 18 In 2010, Wang and co-authors designed a theoretical FLP in which the Lewis base and acid fragments were geometrically enforced in an optimal arrangement to promote the C-H bond activation of methane ( Figure 2A) . 19 By essentially suppressing the entropic factors, computations suggested that this synthetically inaccessible FLP could cleave the C-H bond of methane. Inspired by this amazing theoretical transformation, we set out to design a pre-organized FLP system that would promote intramolecular Csp3-H bond cleavage. Considering the impressive activity of ansa-aminoboranes 1-BR2-2-NR2-C6H4 for C-H bond activation, these molecules represented an ideal starting point for our study. A DFT investigation (ωB97XD/6-31++G**, SMD solvent=benzene level of theory) on the ability of the B/N Lewis pair to activate the intramolecular Csp3-H bond of the R functional group (R = butyl, Ph-ortho-Et, Phortho-OMe, Ph-ortho-NMe2) in molecules (2-NMe2-C6H4)BRH was carried out ( Figure 2B ). With a barrier of 25.5 kcal.mol -1 it was found that such a transition state was kinetically manageable in the case where R=NMe2 (3), generating an ammonium borohydride zwitterion (3'). The activation process was found to be more difficult for the alkoxide and alkyl substituted FLPs with barriers ranging from 29 to 33.7 kcal.mol -1 .
Despite the reaction products being thermodynamically slightly uphill, concomitant release of H2 by a FLP-type process was calculated to enable favorable thermodynamics ( Figure 2C ). Similar hydrogen release behavior was recently reported to occur during the formation of a B-B bond from ansa-aminoborane 1-BH2-2NMe2-C6H4. In an effort to obtain experimental evidence for a metal-free Csp3-H activation process, we set out to synthesize (2-NMe2-C6H4)2BH2-LiDME (2) as a precursor to target compound (2-NMe2-C6H4)2BH (3). Compound 2 was synthesized in 70% yield from the reaction of the known (2-NMe2-C6H4)2BOMe (1) and LiAlH4. 21 The solid state structure clearly shows the chelation of the lithium atom by the 1,2-dimethoxyethane (DME) molecule ( Figure S27 ). The Li-H distance of 1.89(1) Å is consistent with an interaction of the lithium atom with one of the hydrides, which was localized on the Fourier map. The lithium also interacts with both nitrogen atoms, as evidenced by the short lithium-nitrogen distances of 2.282(2) and 2.369(2) Å. The asymmetry observed in the solid state is not reflected by the 1 H NMR spectrum of 2 which features only four aromatic resonances between 7.8 and 7.0 ppm, and one singlet at δ = 2.4 for the aminomethyl groups, indicative of a dynamic behavior in solution. The characteristic quartet (δ = 2.6, 1 JB-H = 74 Hz) associated to the boron hydride observed in the 1 H NMR spectrum becomes a broad singlet upon 11 B decoupling (Δν1/2 = 5.5 Hz). A single 11 B NMR resonance is present as a triplet at δ = -20.0, consistent with a tetravalent boron center with two hydrides.
Scheme 1. Synthesis of compound 2.
TMSBr is a reagent of choice to remove Li + H -from ambiphilic ansa-aminoboranes. 22 Yet, our first attempt to synthesize (2-NMe2-C6H4)2BH by treating 2 with TMSBr led to a very complex mixture. Still, it was possible to isolate few quality crystals from a hexanes solution of the reaction mixture after storing it at -35 °C, allowing the unambiguous identification of the heterocyclic aminoborane species 4, confirming that Csp3-H activation had occurred. The compound crystallizes as a symmetric dimer (4dim) having two N-B bonds of 1.735(2) Å in a 6 membered cycle ( Figure 3A) . Despite being dimeric in the solid-state, the compound was found to be predominantly monomeric in solution (vide infra). In the solid state, the methylene group between the nitrogen and boron atoms is located outside the phenylene plane, contrasting with the DFT optimized structure of the monomer 4 in which the same carbon, the phenylene ring as well as the nitrogen and boron centers are all in the same plane ( Figure 3B ). While this coplanar arrangement could be a consequence of the boron center forcing planarity, computations suggest some degree of delocalization of the nitrogen lone pair in the adjacent arene ring (see ESI for details). The formation of 4 was probed using DFT calculations which revealed that following the rate-limiting C-H activation step, H2 release occurs spontaneously. With a transition barrier of ΔG ‡ = 11.2 kcal/mol, hydrogen release is facile compared to the C-H activation step (ΔG ‡ = 25.5 kcal/mol). Direct B-C bond formation with simultaneous release of H2 was also investigated, but with a calculated transition state of ΔG ‡ = 30.0 kcal/mol, the concerted mechanism was found to be less favored ( Figure 2C ). To gain more experimental insight on this rearrangement, the reaction of 2 with PPh3•HBr was carried out and monitored by 1 H NMR spectroscopy. As soon as the reagents are mixed in benzene-d6, hydrogen evolution is observed (δ = 4.5), accompanied by the formation of a white precipitate (LiBr) and a color change of the solution from colorless to bright green. NMR analysis confirmed the consumption of 2 and the apparition of a new product which was identified as the PPh3 adduct of (2-NMe2-C6H4)2BH (3PPh3). Omitting the PPh3 signals, 3PPh3 features only 4 resonances in the aromatic region of the 1 H NMR spectrum, consistent with two equivalent phenylene rings. The aminomethyl groups are also all equivalent and a broad B-H signal is present at 5.1 ppm. The broad 31 P{ 1 H} NMR signal is centered at -0.3 ppm and the 11 B NMR resonance appears as a broad singlet at 0.1 ppm, in line with a P-B interaction. After heating the reaction mixture at 80 °C for 1 h, 1 H NMR revealed the formation of compound 4 with the release of molecular hydrogen (δ = 4.5). The presence of eight resonances in the aromatic region, indicative of two inequivalent phenylene rings, the absence of a B-H signal, and the presence of three singlets at 2.5, 2.7 and 3.3 ppm integrating respectively for 6, 3 and 2 protons, are all consistent with the formation of the B,N heterocycle. It was possible to confirm the presence of a methylene moiety rather than a methyl group for the resonance at 3.3 ppm using 13 C-1 H HSQC. Also, the only resonance observed by 31 P NMR spectroscopy was identified as free PPh3 (-5.4 ppm) while the 11 B NMR signal had shifted from 0.1 ppm to 65.3 ppm, characteristic of a trivalent boron center and confirming the monomeric nature of 4 in solution.
Scheme 2. Synthesis of compound 3PPh3 and 4.
Our attempts to isolate pure (2-NMe2-C6H4)2BH or as a PPh3 adduct (3PPh3) were unsuccessful. As such, 2 was treated with TMSBr, in the presence of excess pyridine. After evaporation and washing with diethyl ether, it was possible to isolate pure (2-NMe2-C6H4)2BH as a pyridine adduct (3py) in 20% yield. Single crystal were obtained from a toluene solution stored at -35 °C and the crystallographic analysis (see figure S27 for details) confirmed the expected structure of 3py in which the two amine substituents are located on the same side as the pyridine fragment. Furthermore, the structure does not feature any C2 symmetry or mirror plane, but NMR data once again suggests a dynamic behavior in solution. All the methyl groups linked to the nitrogen atoms as well as the two phenylene rings are equivalent on the 1 H NMR spectrum which also features a broad B-H signal at 5.1 ppm that sharpens upon 11 B decoupling. The 11 B NMR signal at -0.7 ppm is indicative of an interaction with the pyridine. To determine if the Csp3-H activation rearrangement could also occur from 3py, the molecule was heated in benzene-d6 at 110 °C in a J-young NMR tube and the reaction was monitored by NMR spectroscopy. The reaction was more sluggish than in the presence of PPh3, but it was possible to observe the characteristic resonances of 4 in the process. After 16 hours, it was possible to observe a new product (5) . As for 4, species 5 exhibits eight resonances in the aromatic region of the 1 H NMR spectrum suggesting inequivalent phenylene rings. However, the most striking spectroscopic features of 5 are the 3 singlets each integrating for 3 protons corresponding to aminomethyl groups at 2.8, 2.3 and 2.0 ppm and a doublet at 3.9 ppm integrating for 1 proton. 13 C-1 H HSQC revealed that the signal at 3.9 ppm originated from a C-H bond, confirming the transformation of the secondary carbon of 4 into a tertiary carbon. In the 1 H NMR, a broad B-H signal at 3.8 ppm sharpens upon 11 B decoupling (from Δν1/2 = 300 Hz to 17 Hz). Similarly, a 11 B NMR resonance appearing as a doublet is present at 6.8 ppm and transforms to a singlet upon 1 H decoupling, confirming the presence of a single hydride substituent. Single crystals of 5 were obtained from a -35 °C diethyl ether solution and the X-Ray crystallographic analysis confirmed the proposed structure. While the heterocyclic moiety remains, one methylene proton of 3py is transferred to boron while the aryl moiety is transferred to the activated carbon, enabling the formation of a novel N-B Lewis adduct (N2-B1 = 1.699(3) Å). To determine if pyridine plays a role in this second rearrangement, 2 was treated with Et3N•HCl in toluene and heated at 110°C for 16 h. Even in the absence of pyridine, compound 5 was isolated in 32% yield, after washing with hexanes, suggesting that an intramolecular rearrangement is taking place. DFT calculations revealed that a hydride abstraction was accessible with ΔG ‡ = 19.4 kcal/mol, forming a zwitterionic intermediate that is uphill and thus not observable at ΔG = 18.9 kcal/mol. 23 The second and rate-limiting step was identified as an 1,2-aryl shift 24 of the iminium intermediate with a ΔG ‡ = 30.0 kcal/mol barrier, in good agreement with the experimental data where a slow transformation occurs at 110 °C to generate compound 5. The overall reaction was found to be slightly exergonic, with a ΔG of -3.0 kcal/mol ( Figure 5 ). Fifty years ago, Chatt made the seminal discovery of an intramolecular C-H bond activation process promoted by a ruthenium center. 25 After decades of optimization and fundamental studies on C-H functionalization, numerous valuable catalytic processes have been developed. Frustrated Lewis pair chemistry, which is still in its infancy, is now following a similar path to that of transition metal chemistry. Originating from a fundamental curiosity, these main group compounds have now been shown to activate a large range of substrates and are beginning to find applications as versatile catalysts. The present report illustrates the first example of a Csp3-H bond activation by simple ansa-aminoboranes to generate unusual heterocycles. While this transformation is made possible by an optimal prearrangement of the Lewis pair, we are hopeful that careful design and optimization could eventually lead to metal-free catalysis, processes which are highly desirable for the pharmaceutical, agrochemical and organic electronic industries. Current work is focused on the development of novel methodologies to incorporate similar bond activation events in catalytic C-H bond borylation and more.
